Saccade-contingent change detection provides a powerful tool for investigating scene representation and scene memory. In the present study, target objects presented within color images of naturalistic scenes were changed during a saccade toward or away from the target. During the saccade, the target object was changed to another object type, to a visually different token of the same object type, or was deleted from the scene. There were three main results. First, the deletion of a saccade target was special: Detection performance for target deletions was very good, and this level of performance did not fall off with saccade amplitude. In contrast, detection of type and token changes at the saccade target, and of all changes including deletions at other locations, decreased as saccade amplitude increased. Second, detection performance for type and token changes, both when the changing object was the target of the saccade and when it had just been fixated but was not the saccade target, was well above chance. Third, mean gaze durations were reliably elevated for those trials in which the change was not overtly detected. Taken together, the results suggest that the presence of the saccade target plays a special role in transsaccadic integration, and more generally that a relatively rich scene representation is retained across saccades and stored in visual memory.
In human vision, high-quality visual information is available only at the fovea, and saccadic eye movements are used to direct fixation at important stimuli in the current scene (Buswell, 1935; Yarbus, 1967) . Because vision is effectively suppressed during saccades, the visual system is confronted with a series of temporally discrete and spatially displaced glimpses of the world, each lasting about 300 ms on average (Henderson & Hollingworth, 1998 , 1999a . The generation of an overall scene representation would therefore seem to require that information acquired during one fixation be combined with information picked up from prior and subsequent fixations. An important question in visual perception and cognition, then, is the nature of the information that is retained and combined across successive fixations. The traditional view in vision science has been that a complete sensory image is retained across each saccade and fused with the sensory image from the following fixation (Breitmeyer, Kropfl, & Julesz, 1982; Duhamel, Colby, & Goldbert, 1992) . However, the evidence is quite strong that a visually veridical sensory image of a scene is not retained and fused across saccades (Irwin 1991 (Irwin , 1992a Pollatsek & Rayner, 1992) . In addition, evidence from a variety of change detection paradigms has often demonstrated remarkable insensitivity to visual changes across saccades (Grimes, 1996; Henderson, 1997) and other visual disruptions (O'Regan, Rensink & Clark, 1999; Rensink, O'Regan, & Clark, 1997; Simons & Levin, 1998) , a phenomenon known as "change blindness" (Simons & Levin, 1997) . Change blindness has led to the suggestion that our conscious experience of a complete visual scene is an illusion (Dennett, 1991; O'Regan, 1992) , and that contrary to experience, nothing is retained from fixation to fixation beyond the general gist of the scene, the identities of specific objects, and a coarse representation of spatial layout (O'Regan, 1992; Rensink et al., 1997; Rensink, 2000a Rensink, , 2000b Simons & Levin, 1997) .
In contrast to this latter proposal, more recent evidence from change detection experiments has suggested that the nature of the scene representation constructed dynamically across fixations is more complete than change blindness originally implied (Henderson & Hollingworth, 1999b; Hollingworth & Henderson, in press; Hollingworth, Williams, & Henderson, in press) . Fixation position within a scene, in particular, appears to play an important role in determining whether changes will or will not be detected. For example, viewers are able to detect relatively subtle changes in scenes such as object rotations and token replacements (e.g., changing one telephone to another telephone) that take place during a saccade, as long as the changed object is fixated before and after the change (Hollingworth & Henderson, in press ). Cued recognition of object detail following scene viewing is also quite good if the target object was fixated during initial scene viewing (Hollingworth & Henderson, in press ; see also Friedman, 1979; Nelson & Loftus, 1980) . Change detection during the flicker paradigm also seems closely related to fixation position (Hollingworth, Schrock, & Henderson, 2001) .
In an experiment focusing on the degree to which saccade direction and fixation position affect the detection of scene changes across saccades, Henderson and Hollingworth (1999b) found that participants were able to detect with high accuracy the deletion of an object that was the target of a saccade when the deletion took place during that saccade. Interestingly, unlike other kinds of changes, detection of these saccade target deletions did not decrease with the distance of the saccade to that object. This latter result suggests that there may be something special about the way in which information is coded from the target of an impending saccade, particularly, perhaps, for target presence. A special status for the target of a saccade has also been reported to underlie the perception of visual stability (Currie, McConkie, Carlson-Radvansky, & Irwin, 2000; Irwin, McConkie, Carlson-Radvansky, & Currie, 1994; McConkie & Currie, 1996) , and recent single-unit work in macaque suggests preferential encoding of an object that is the target of an impending saccade in natural scenes (Sheinberg & Logothetis, 2001 ).
The two saccade target deletion effects (high detection rate and relative imperviousness to the distance of the saccade launch position) provide a potentially useful tool for investigating transsaccadic integration in scenes, and more generally for exploring the nature of the scene representation that is built up dynamically in visual memory across saccadic eye movements. As a first pass, we can generate two hypotheses about why the deletion of a saccade target might be so much more noticeable than changes to other properties of an object either at the target location or elsewhere in the scene. First, it could be that saccade target presence is specially coded, making the absence of the target following the saccade regardless of saccadic extent particularly salient. This might be true if, for example, the visual system uses the presence of the saccade target as a landmark when mapping layout information from one fixation to the next . If this hypothesis is correct, then only deletions should be well detected at the saccade target location and show insensitivity to saccade distance.
Second, it could be that the identity or semantic category of the target is coded at the saccade target location, and that it is the change in identity or category at fixation following the saccade that is especially noticeable. For example, the transsaccadic system might code something like "apple" at the saccade target area prior to a saccade, and then check to determine that an object with that concept or identity is present after the saccade. If this hypothesis is correct, then changing the saccade target to an object with a different basic-level concept and identity should be detected as well as deletions, and also should show insensitivity to saccade distance.
To distinguish between these two hypotheses, the present study employed the object boundary paradigm introduced by Henderson & Hollingworth (1999b) . In this paradigm, changes to pre-specified target objects are triggered when the eyes cross the boundary of a software-defined critical region surrounding the target object. Figure 1 presents an example scene. In this example, the target object is the phone on the desk. A change to the object within the critical region was made either during the first saccade entering this region (Toward Condition) or the first saccade exiting this region once the target was initially fixated for at least 90 ms (Away Condition). The Toward Condition is of primary interest because this is the condition that is diagnostic of the nature of the representation generated and retained at the saccade target location; the Away Condition served as a control condition for comparison.
<< Insert Figure 1 About Here >> To test the above hypotheses concerning the nature of the representation retained from fixation to fixation at the saccade target location, the target object was either deleted, or its semantic type was changed. The deletion condition provides evidence about the degree to which target presence is represented across saccades, and the type change condition provides evidence about the degree to which identity and basic level concept is represented. We also included a token change condition, in which the target object was replaced by another token of that same semantic type. The token change condition also provides evidence about the degree to which specific visual information about the object is represented across a saccade. Evidence from the transsaccadic object identification literature suggests that visually specific representations are retained across saccades: Transsaccadic object identification is affected by changes to the specific details present in an object image before and after a saccade even when the identity and basic level concept of the object remains unchanged. For example, transsaccadic preview benefits are reduced by token substitution (e.g., changing one dog to another dog, Henderson & Siefert, in press) and mirror reflections (Henderson & Sieffert, 1999, in press ). Evidence from change detection has similarly shown that the information necessary to discriminate one token from another can be retained across multiple views (Hollingworth & Henderson, in press ), though the degree to which these representations are specifically maintained for a saccade target location has not yet been investigated.
The present study also allowed us to examine two ancillary questions related to scene representation and memory. First, as noted above, the degree to which memory preserves scene detail has recently become controversial. According to one view, memory representations for viewed scenes include, at best, information about semantic gist, object identities, and coarse spatial layout (Irwin & Andrews, 1996; Rensink, 2000a Rensink, , 2000b Wolfe, 1999) . The change blindness phenomenon has been taken to provide evidence for this view. In contrast, other sources of evidence, including recent findings also using the change detection methodology, suggest that memory representations for scenes are more complete and detailed than change blindness implies (Henderson & Hollingworth, 1999b; Hollingworth & Henderson, in press; Hollingworth et al., in press ). The present study allowed us an opportunity to investigate further the degree to which visually specific representations are preserved during scene perception. Second, an overt change detection response is one indication that a viewer has retained scene information. However, a number of investigators have shown that overt response measures do not provide complete evidence about whether the information needed to detect a change is available (Fernandez-Duque & Thornton, 2000; Hayhoe, Bensinger, & Ballard, 1998; Hollingworth & Henderson, in press; Hollingworth et al., in press; Williams & Simons, 2000) . The present study provided us with an additional opportunity to examine the degree to which overt measures of change detection underestimate the completeness of the underlying scene representation.
Experiment
Participants were instructed to study complex real-world scenes to prepare for a memory test in which they would have to distinguish the previously viewed scenes from versions of the scenes in which only a small detail had been changed. Participants were also told to monitor for object changes and to press a button whenever such a change was detected (Grimes, 1996; Henderson & Hollingworth, 1999b) . To investigate the representation and retention of information about a saccade target across eye movements within a scene, changes were made to pre-specified objects as a function of (a) the direction of the eye movement with respect to that object at the time of the change, and (b) the nature of the object change itself. For the manipulation of eye movement direction, changes either took place during the first saccade that brought the eyes to the target object (toward condition), or during the saccade that took the eyes away from the target object immediately after it had been fixated the first time (away condition). To investigate the nature of the information that is encoded and retained across a saccade, three types of object changes were compared. In the type change condition, the target object was replaced by another object that differed in identity and basic-level semantic category. These changes also involved changes to visual characteristics of the objects, though size was maintained. In the token change condition, the target object was replaced by an object that was a member of the same basic-level category but differed in visual detail. Finally, in the deletion condition, the target object was removed from the scene; any background that was occluded by the target object was revealed at the time of the deletion. No-change catch trials were included to provide an assessment of the false alarm rate in the experiment.
To ensure sufficient statistical power, the study was divided into two sub-experiments, each examining a subset of the change conditions in a different set of participants. In Experiment 1a, eye movement direction was crossed with the type change and deletion conditions. In Experiment 1b, eye movement direction was crossed with the type and token change conditions. In this way, the type change condition provided a common condition across subexperiments, and all three conditions could be examined with the limited number of scenes available.
Method
Participants. Thirty Michigan State University undergraduate students participated in the experiment for course credit, fifteen each in Experiment 1a and Experiment 1b. All participants had normal vision and were naive with respect to the hypotheses under investigation.
Stimuli. Thirty-five scene images were computerrendered from 3-dimensional (3D) wire-frame models using 3D graphics software (3D Studio Max). Wireframe models were acquired commercially, donated by 3D graphic artists, or developed in-house. Each model depicted a typical, human-scaled environment. Base scenes were rendered from these models. To create the type change, token change, and deletion conditions, the target objects were replaced or removed in the models, and the scenes were rerendered. All scene images subtended 15.8º x 11.9º visual angle at a viewing distance of 1.13 m. Target objects subtended 2.43° on average along the longest axis. Figure 1 shows a sample stimulus scene.
Apparatus. Eye movements were monitored using a Generation 5.5 Stanford Research Institute Dual Purkinje Image Eyetracker (Crane, 1994; Crane & Steele, 1985) . The eyetracker has a resolution of 1' of arc and a linear output over the range of the visual display used. A bite-bar and forehead rest were used to maintain the participant's viewing position and distance. The position of the right eye was tracked, though viewing was binocular. Signals were sampled from the eyetracker using the polling mode of the Data Translations DT2802 analog-to-digital converter, producing a sampling rate slightly faster than 1000 Hz.
Stimuli were displayed at a resolution of 800 by 600 pixels by 256 colors on an NEC Multisync P750 monitor driven by a Hercules Dynamite 128/Video graphics card. The screen refresh rate was 143 Hz. The room was dimly illuminated by an indirect, lowintensity light source. With this display equipment and these viewing conditions, the scene changes used here cannot be detected from phosphor persistence (Henderson & Hollingworth, 1999b) .
Button-presses were collected with a button panel connected to a dedicated input-output (I/O) card. The eyetracker, display monitor, and I/O card were interfaced with a 90 MHz, Pentium-based microcomputer. The computer controlled the experiment and maintained a complete record of eye position and time values, and button press events and times, over the course of each trial.
Procedure. Upon arriving for the experimental session, participants were given a written description of the experiment along with a set of instructions. The description informed participants that their eye movements would be monitored while they viewed images of naturalistic scenes on a computer monitor. Participants were instructed to view each scene in preparation for a memory test that would be given after all scenes had been shown. They were told that, "on the test, you will have to distinguish the scenes presented in the experiment from new versions of the scenes that may differ in only a small detail of a single object." They were further told that while viewing each scene, a change might occur to a single object. For each sub-experiment, the two possible types of changes were described using a sample scene. Participants were instructed to press a response button as soon as such a change was detected and that if a change were to occur, it would occur only once. Finally, participants were told that on some trials, no change would occur.
Following review of the instructions, the experimenter calibrated the eye tracker. Calibration was considered accurate if the computer's estimate of the current fixation position was within +/-5 min arc of each marker. The participant then completed the experimental session. Calibration was checked every 3-4 trials, and the eye tracker was recalibrated when necessary.
A trial consisted of the following events. First, a fixation screen was shown. When the participant fixated a central box in this screen (as indicated by a computer-generated display of its estimated fixation position), the experimenter started the trial. The initial version of the scene, containing the pre-change version of the target object, was displayed until the participant's gaze crossed the boundary into the target region (Toward Condition) or crossed the boundary exiting the target region after that region had been fixated for a minimum of 90 ms (Away Condition). At that time, the scene image changed so that it contained the post-change version of the target object, or no target object in the case of the deletion condition. In the vast majority of trials this change was completed during a saccade. Viewing continued for 20 seconds, or until the participant pressed the response button indicating that a change had been detected.
In both Experiments 1a and 1b, each participant viewed 35 scenes for 20 sec each. 28 of the scenes changed as a function of the 2x2 factorial combination of eye movement condition (Toward versus Away) by change condition (for Experiment 1a, Type Change versus Deletion; for Experiment 1b, Type Change versus Token Change). An additional 7 scenes did not change in each sub-experiment; these trials provided an opportunity to determine the false alarm rate. Within each sub-experiment, scenes were assigned to eye movement and change conditions via a Latin-square design so that each scene appeared in each condition an equal number of times across participants. The order of scene presentation (and hence the order of condition presentation) was determined randomly for each participant within each experiment. Participants were assigned to experiment using a pseudo-random procedure; each participant took part in only one experiment. Each experiment lasted approximately 35 minutes.
Results and Discussion
Eye movement data files consisted of time and position values for each eyetracker sample. Saccades were defined as changes in eye position greater than 8 pixels (about 8.8 arcmins) in 15 ms or less. Samples that did not fall within a saccade were considered part of a fixation. During a fixation, eye position does not remain perfectly still; the position of each fixation was calculated as the mean of the position samples (weighted by the duration of time at each position) that fell between consecutive saccades (Henderson, McClure, Pierce, & Schrock, 1997) . Fixation duration was calculated as the elapsed time between consecutive saccades. Fixations less than 90 ms and greater than 2500 ms were eliminated as outliers. Trials were eliminated if the eyetracker lost track of eye position prior to the change or if the change was not completed before the beginning of the next fixation on the scene. Eliminated trials accounted for 15.4% of the data in Experiment 1a and 14.7% of the data in Experiment 1b. Figure 2 shows detection performance in all conditions across the two sub-experiments. The full bars in the figure show target detections that took place within 1500 ms of a change, and the hatched extensions show late detections, defined as those that did not occur within the first 1500 ms after the change.
1 Change detection analyses were conducted over all detections. Overall false alarm rates were under 8% in both experiments (7.6% in Experiment 1a, and 1.9% in Experiment 1b).
<< Insert Figure 2 About Here >> As can be seen in Figure 2 , change detection was generally poorer when the eyes had just fixated but were moving away from the target at the time of the change than when they were moving toward the target. This result replicates the earlier finding that motivated the current study (Henderson & Hollingworth, 1999b) . In both Experiments 1a and 1b, there was a main effect of eye movement direction, F(1.14) = 8.83, p < .01, and F(1,14) = 11.89, p < .005, respectively. Eye movement condition and change condition did not produce a reliable interaction in either sub-experiment, Fs < 1.
The saccade target deletion effect. Turning to the primary issue of change detection for the saccade target, participants were quite sensitive to object deletions, particularly when the deletions took place during the saccade toward the deleted object, with an overall Toward Deletion detection rate of 91.5%. The high level of performance in the Toward Deletion condition replicates the results of our earlier study (Henderson & Hollingworth, 1999b) . In contrast, type changes in the Toward condition were detected reliably less often than deletions, at a rate of about 50 to 60% in both Experiment 1a (53.5%) and Experiment 1b (58.8%). In Experiment 1a, the difference between the Toward Deletion and Toward Type conditions was reliable, F(1,14) = 18.29, p < .005. This difference suggests that deletion detection in the Toward condition was based on the retention of information above and beyond the identity or basic level category of the saccade target.
A signature of the special nature of the saccade target in the transsaccadic change detection paradigm is the lack of a reduction in deletion detection as a function of saccade amplitude (Henderson & Hollingworth, 1999b) . In the present study, we again observed this effect. Figure 3 depicts detection performance in all conditions as a function of the spatial extent of the saccade that triggered the change across the two sub-experiments. To make the regression on saccade length meaningful, we included only data from trials in which the change was detected immediately following (within 1500 ms of) the image change. As can be seen in the top panel of Figure 3 , we once again observed no drop-off in detection rate across saccade distance in the Toward Deletion condition. In fact, there was some tendency for performance to increase with saccade amplitude in this condition (R pb = .20, t(66) = 1.68, p =. 097).
2 This failure to observe a drop-off in the Toward Deletion condition is perhaps most striking when compared to the Away Deletion condition, where there was a clear decrease in detection performance with increasing saccade distance (R pb = -.39, t(71) = -3.60, p < .001).
The difference in performance between the Toward Deletion and Away Deletion conditions suggests that it is not simply that deletion is particularly noticeable at further eccentricities (see also Henderson & Hollingworth, 1999b (Henderson & Hollingworth, 1999b) . Across both that earlier study and the current study, change detection was relatively impervious to saccade distance only in the Toward-Deletion condition. << Insert Figure 3 About Here >> In addition to our focus on the nature of the saccade target deletion effect, the present study also gave us the opportunity to explore two additional questions concerning the nature of the scene representations that are generated and stored over time.
The visual specificity of object representations. How visually detailed are the object representations that are generated from a scene and retained across saccades? If participants can detect changes only on the basis of gist, object identity, and spatial layout, then they should not be able to detect token changes. On the other hand, if visually specific representations can be preserved in scene memory, then detection of both type and token changes should be reliably above chance. In Experiment 1b, although
Since each participant contributed more than one sample to the analysis, variation due to differences in participant means was removed by including participant as a categorical factor (implemented as a dummy variable) in the model. performance in the Token Change condition was not perfect, it was well above the false alarm rate of 1.9%, both when the eyes were moving toward the target object (48.8% correct), F(1,14) = 50.46, p < .001, and away from the target object (37.4% correct), F(1,14) = 25.37, p < .001. Because token changes did not alter the target object's identity or basic-level semantic category, did not modify the overall gist of the scene, and did not change the spatial relations among the entities in the scene, but did change the visual details of the target, these data suggest that visually specific representations can be preserved across saccades. Importantly, token changes could be detected even when the change took place during the saccade away from the changing target. In this condition, attention would be directed away from the changing object (and toward the saccade target) prior to and following the change. Thus, these detections could not be based on continuously attending to the changing object during the change (Rensink, 2000a (Rensink, , 2000b . The present results converge with other recent evidence suggesting that quite specific visual representations are retained across saccadic eye movements as well as over longer periods of time during scene viewing (Henderson & Hollingworth, 1999b; Hollingworth & Henderson, in press; Hollingworth, et al., in press ).
Covert change detection

3
. Recent evidence suggests that overt change detection does not adequately reflect the completeness of the underlying scene representation (Fernandez-Duque & Thornton, 2000; Williams & Simons, 2000) . For example, the time that the eyes remain fixated on a target object is often increased by the presence of a change even when the change is not overtly reported (Hayhoe, Bensinger, & Ballard, 1998; Hollingworth & Henderson, in press; Hollingworth et al., in press ). To investigate whether covert detection effects were present in the current study, we examined the degree to which changes would be registered in gaze 3 We use here overt versus covert detection, rather than explicit versus implicit detection, because the latter terms bring to mind the distinction between explicit and implicit memory effects, which are thought to be subserved by separate underlying memory systems. We do not want to imply a commitment to the theoretical stance that overt and covert change responses reflect separate change detection systems. As we have pointed out previously, gaze duration effects may reflect trials on which participants detect the change but are not confident enough to respond positively. Alternatively, these effects might be based on representations that are available to motor systems (in this case the oculomotor system) but not to other perceptual or decision processes. This is an issue that awaits further evidence. For now, we use here what we hope are more theoretically neutral terms. durations given that a participant failed to press the change button. More specifically, gaze duration (the sum of all fixation durations in an object region from entry to exit) was measured for the first entry of the eyes into the target region following a change when that change was not explicitly reported. Miss trials were compared to the equivalent entry in the nochange condition. The results of this analysis are shown in Figure 4 . << Insert Figure 4 About Here >> First, we examined miss trials in the Toward condition, calculating gaze duration for the first entry of the eyes into the target region. There were not enough miss trials to assess the Toward Deletion condition. For the Toward Type condition, data from experiments 1a and 1b were combined, treating experiment as a between-participants factor. Two participants were excluded from this analysis due to an empty cell for misses. Mean gaze duration was 655 ms for Toward-Type misses and 429 ms for the nochange control, a reliable difference of 226 ms, F(1,26) = 12.84, p < .005. For the Toward Token condition, taken from Experiment 1b, 2 participants were again excluded due to an empty cell for misses. Mean first entry gaze duration was 668 ms for Toward Token misses, 229 ms longer than the mean for the no-change control (439 ms), a difference that approached reliability, F(1,12) = 3.59, p = .08. Second, we examined miss trials in the Away condition, calculating gaze duration for the second entry of the eyes into the target region (i.e., the first entry after the change). Again, there were too many empty cells to assess the Away Deletion condition. For the Away Type condition, data were pooled across experiments. In order to maintain equal n across the two experiments, an empty cell for 1 participant in Experiment 1b was replaced by the mean of the other participants in that condition. Mean gaze duration was 532 ms for Away Type misses and 421 ms for the no-change control, a reliable difference of 111 ms, F(1,28) = 4.25, p < .05. For the Away Token condition, 1 participant was excluded from the analysis due to an empty cell for misses. Mean gaze duration was 622 ms for Away-Token misses and 465 ms for the no-change control, a reliable difference of 157 ms, F(1,13) = 6.33, p < .05. Overall, these results provide a strong replication of similar effects of change on gaze duration in the absence of overt detection (Hollingworth & Henderson, in press; Hollingworth et al., in press ). The current data extend these earlier studies by demonstrating that effects of change on gaze duration in the absence of overt detection can be observed when the change occurs during the first saccade toward the target (Toward condition). Overall, these results support the view that overt change detection is not fully representative of the completeness of the representations that are generated and retained across saccades (Henderson & Hollingworth, in press; Hollingworth & Henderson, in press ).
An alternative explanation for the increase in gaze durations on changed objects has recently been suggested (Simons, personal communication) . This explanation goes as follows: First, assume that during scene memorization, those objects that are fixated for less time the first time they are encountered (first pass) tend to be fixated for more time on second encounter (second pass). This might be considered the "conservation of total encoding time" assumption. Second, assume that changes to objects that were fixated longer in the first pass are more likely to be overtly detected. This latter relationship was initially reported by Hollingworth and Henderson (in press) and was replicated here: In the present study, there was a reliable positive correlation between gaze duration and detection performance in the Away Type condition (R pb = .21, t(162) = 2.78, p < .01) and the Away Token condition (R pb = .23, t(86) = 2.21, p < .05). In the Away Deletion condition, there was no relationship (R pb = -.17, t(86) = -1.62, p = .11).
Putting these assumptions together, there could be a selection artifact at work such that when an object is fixated for less time on first pass, a change to that object on second pass is less likely to be overtly noticed, but gaze duration will be increased as a result of conservation of processing time, not as a result of covert detection. That is, second pass gaze durations on these changed objects will necessarily be longer on average than second pass gaze durations on objects which have not changed, have not been removed due to a change response, and which therefore have the entire distribution of second pass gaze durations associated with them. If this line of reasoning is correct, then the increased gaze durations we have observed in miss trials are due to a selection artifact and do not provide evidence for the preservation an underlying scene representation.
There are at least three sources of evidence that argue against this explanation for the observed covert change detection effects. First, the finding that there were reliable covert effects in the Toward Type condition in this study cannot be accounted for by this explanation, because the effect is derived from first pass gaze durations on these objects. Second, the conservation of total encoding time assumption predicts a negative correlation between first pass and second pass gaze durations on an object. In a direct test of this prediction, we have previously found that there is either no relationship, or a positive relationship, between first and second pass gaze duration on an object in a scene (Hollingworth & Henderson, in press ). To examine this relationship in the present study, we examined gaze durations in the control (no change) conditions in Experiments 1a and 1b. In Experiment 1a, we observed a marginally reliable positive correlation between first pass and second pass gaze durations, R pb = .19, t(74) = 1.68, p = .097. In Experiment 1b, the correlation was negligible and not reliable, R pb = -.04, t(68) = -.37, p = .72. Third, we have found that objects fixated longer on first encounter because of their semantic consistency within a scene are also fixated longer on second fixation (Henderson, Weeks, & Hollingworth, 1999) . These results suggest that both first and second pass gaze durations are influenced similarly by cognitive processing difficulty, and that the gaze duration relationship across encounters is thus positive, not negative. Note that a positive relationship works against finding a covert gaze duration effect. Thus, our confidence is increased that the elevated gaze durations observed in the miss trials are a robust result of covert detection of the change.
General Discussion
A central question in vision science and visual cognition is the nature and completeness of the scene representation that is generated over time and across successive views (Henderson & Hollingworth, 1999b) . One important technique for investigating this question is to examine the ability of a viewer to detect a scene change that takes place during a saccadic eye movement (e.g., Grimes, 1996; Currie et al., 2000; Henderson & Hollingworth, 1999b; Hollingworth et al., in press; Hollingworth & Henderson, in press) . In an earlier study we reported that viewers are more sensitive to the deletion of a saccade target than to the rotation of a saccade target or to the deletion of an object that was not the saccade target (Henderson & Hollingworth, 1999b) . Furthermore, the ability of a viewer to detect the deletion of a saccade target was relatively unaffected by the distance of the saccade to that target. This insensitivity to saccade distance for target deletions contrasted with the effect of distance for other types of target changes, which showed a decrease in detection performance as saccadic distance increased (Henderson & Hollingworth, 1999b) .
In the present study, we used the sensitivity of the visual system to the deletion of a saccade target as a tool for investigating the nature of the information that is retained and combined across saccadic eye movements. We manipulated two factors, the direction of the saccade at the time of the change (toward or away from the target) and the nature of the change (type change, token change, or deletion). The empirical question was whether saccade target deletions are truly special, or if other sorts of target changes would show similarly good performance and relative insensitivity to saccade distance. The results were quite clear. First, deletions were better detected when the deleted object was the target of a saccade than when the deleted object had just been fixated but was not the target of a saccade at the time of the change. Second, saccade target deletions were better detected than either saccade target type or token changes. Third, the detection of saccade target deletions was not adversely affected by the distance of the saccade taking the eyes to the target. This latter finding replicates our prior study (Henderson & Hollingworth, 1999b) and contrasts with the clear effect observed here of saccade distance on the detection of type and token changes for the saccade target. The invariance of deletion detection for the saccade target with distance also contrasts with the clear effect of distance on deletion, as well as type and token changes, for saccades away from the changing object. The finding that type changes were considerably more difficult to detect than deletions, and that they did not show the same invariance with saccade distance exhibited by deletions in the toward condition, strongly suggests that it is not the retention of the saccade target's identity or basic-level semantic category that underlies the special status of the saccade target. Instead, these results suggest that there is something special about the coding and retention across a saccade of the presence of the saccade target.
Finally, we also found that overt change detection performance underestimated the degree to which object representations were retained in memory across fixations. We operationally defined covert detection as an increase in gaze duration on a target object when it had changed compared to a control condition in which it had not changed, for those trials on which the viewer did not overtly respond to the change with a button press. We found that gaze durations increased when a change had taken place but was not overtly reported, replicating our prior results (Hollingworth & Henderson, in press; Hollingworth et al., in press ; see also Hayhoe et al., 1998) and extending them to situation in which the changed object is the saccade target. Furthermore, these effects were not due to a selection artifact based on the initial fixation time spent on the target objects. Finally, evidence for covert change detection was observed both for type changes and for token changes. The latter results provide additional evidence that relatively detailed visual representations of the objects in a scene are retained over time and across multiple eye fixations.
Saccade target theory of visual stability. Our finding that saccade target presence is specially coded provides support for the saccade target theory of visual stability proposed by Irwin and colleagues (Irwin et al., 1994; McConkie & Currie, 1996; Currie et al., 2000) . In this theory, prior to each saccade, an object in the scene is selected by the visual system as the saccade target. The location of that target is coded within an internal representation of the scene and retained in visual short-term memory, along with features of the object that allow it to be found after the saccade (locating information). After the saccade, the visual system engages in a search for the locating information. This search is constrained to a limited initial search region around the landing position following the saccade (McConkie & Currie, 1996) . Once the saccade target is located, it provides the basis for remapping the retinal input and the stored scene representation, which leads to the sense of visual stability experienced across saccades.
Although saccade target theory was proposed to account for visual stability, it may also provide a possible explanation for the special nature of saccade target deletions. The toward-deletion effect could be accommodated by assuming that the locating information comprises local spatial relationships between the saccade target and other nearby salient objects. This representation would have to be based on spatial information abstracted away from other visual or semantic information; for example, it might be blobs, points representing centers of gravity, or simple FINST-like positional indexes (Pylyshyn, 1989) . If a representation of the saccade target were constructed that included an index standing for the target, along with indexes for a number of other nearby landmark objects, then deletions would change that overall configuration of the set of indexes, whereas a change to the object type or visual token indexed by that object would not change the configuration. Furthermore, a coding of a configuration of positions would be less affected by saccade distance because the blobs could be coded from a relatively distant saccade launch site where the acuity needed to pick up more detailed visual information from the saccade target might not be available. The hypothesis, then, is that the locating information used to map the new retinal information to the internal scene representation is relatively impoverished, containing primarily an allocentric representation of the target's position with respect to other nearby objects (see also Henderson, 1994; Henderson & Anes, 1994) .
Visual memory theory and change detection. In addition to the special coding of the saccade target's presence, we also have good evidence that other properties of objects in a scene, including properties that allow a viewer to distinguish one visual token from another, can be retained and compared across eye movements and over longer periods of time. To account for this fact, we have recently proposed a visual memory theory of dynamic scene representation (Hollingworth & Henderson, in press ; see also Henderson & Hollingworth, in press ). According to visual memory theory, a relatively detailed scene representation is built up in memory across eye fixations. The scene representation is retained both over the short-term in short-term memory (e.g., Irwin, 1992a; Irwin & Andrews, 1996) , and over the longer term in long-term scene memory (e.g., Shepard, 1967; Standing, Conezo, & Haber, 1970 ; see also Friedman, 1979) . Importantly, these scene representations are not to be construed as sensory in nature. Instead, we draw a distinction between sensory representations and abstract visual representations. In our view, the representations retained and integrated across saccades can be visually specific, but abstract (see Henderson & Hollingworth, in press; Hollingworth & Henderson, in press ). We take an abstract visual representation to be a non-maskable and noniconic visual description encoded in the vocabulary of visual computation. Abstract visual representations are visual in the sense that they represent visual properties such as object shape; examples include structural descriptions (e.g., Biederman, 1987; Marr, 1982; Palmer, 1977) and hierarchical feature representations (e.g., Riesenhuber & Poggio, 1999) . They are not equivalent to conceptual representations, which code semantic properties of the viewed scene, nor are they linguistic descriptions of scene properties. Recent evidence suggests that visual shape is encoded and retained across saccades via structural descriptions (Carlson-Radvansky & Irwin, 1995; Carlson-Radvansky, 1999) .
Succinctly, in visual memory theory, change detection is a function of initial attention to and encoding of a representation of the pre-changed object, retention of that representation either in an active state in short-term memory and/or in an inactive state in long-term memory, generation of a new representation following the change to compare to the stored representation, and retrieval of the stored representation from long-term memory if it is not currently active in short-term memory. In visual memory theory, the allocation of attention to an object gates sensory processing of that object and leads to the generation of (a) an abstract representation of the object's visual properties, (b) a representation of the object's position, including its allocentric position with respect to other nearby objects, and (c) semantic representations and identities (Henderson, 1994; Henderson & Anes, 1994; Henderson & Siefert, 1999, in press) . A limited number of these representations can be actively maintained in a limited capacity short-term memory store (Irwin & Andrews, 1996) . Furthermore, processing in short-term memory leads to consolidation of both visual and semantic representations as part of the overall scene representation, and to transfer of this information into a more stable long-term memory representation of the scene.
In this view, transsaccadic processing proceeds as follows: Prior to a saccade, attention is obligatorily allocated to the saccade target (e.g., Henderson, 1996; Hoffman & Subramanian, 1995; Kowler, Anderson, Dosher, & Blaser, 1995; Shepherd, Findlay, & Hockey, 1986) . Sensory processing of the saccade target is gated, the representations discussed above are generated and stored in short-term memory for that object, and processes of consolidation and transfer to long-term memory are initiated. Once the eyes begin to move, the sensory representations quickly decay (Sperling, 1960) , leaving only the abstracted representations in short-term and long-term memory. When the eyes land, the stored representations are compared to information encoded in the current fixation. If the information is different, an error signal is generated and the change is noted. Otherwise, the fixated information is integrated into the current scene representation. Because these integrated representations include both abstract visual and semantic information, changes to form, meaning, and identity can all be detected. The fact that saccade target deletions are particularly salient can be accommodated by positing that the locating information used to map the new retinal input to the stored representation is the saccade target's position with respect to other local objects, consistent with saccade target theory as described above.
Because the information needed to detect a change can be retrieved from long-term memory, changes to objects that are not the target of a saccade can also be detected as long as the information relevant to the change was successfully consolidated and stored during a previous fixation (e.g., Hollingworth & Henderson, in press ). Re-directing attention back to the changed scene region following the change greatly increases the probability that the change will be detected because it increases the probability that information about the original version of that region will be retrieved from long-term memory. This occurs because local information in the scene provides a strong retrieval cue. Even if the object has been deleted from the region, the spatial position of fixation and the coding of nearby scene information can provide a retrieval cue for the missing object (Henderson & Hollingworth, 1999b) . This basic assumption accounts for the strong tendency for late detections in the change detection paradigm to take place only when the changed object is refixated (Henderson & Hollingworth, 1999b; Henderson & Hollingworth, in press; Hollingworth & Henderson, in press; Hollingworth, et al., in press) .
Visual Memory Theory contrasts with what we have called localist-minimalist theories of scene representation, in which scene representations consist of transient visual representations of attended objects and non-visual representations of scene gist, spatial layout, and conceptual information outside of the focus of attention (Rensink, 2000a (Rensink, , 2000b Wolfe, 1999) . On the one hand, localist-minimalist theories might not have particular difficulty accounting for the good change detection performance at the saccade target location, given the strong evidence that attention precedes a saccade to the saccade target location. That is, good saccade target change detection could be explained by assuming that attention is allocated to the saccade target both before and after the saccade, and that this continuous allocation of attention helps maintain a visual representation of the target. However, even in this case, such representations would have to be abstract, given the preponderance of evidence that precise sensory images cannot be retained and integrated across saccades (e.g., Irwin, 1992; Pollatek & Rayner, 1992) . Localist-minimalist theories have a more difficult time accounting for performance when the change takes place during a saccade away from the target, because in that case attention is allocated to a non-changing object (the target of the saccade) immediately before and after the saccade. The fact that viewers can detect token changes and rotations in the away condition, even when these detections come several seconds and many fixations after the change takes place (Henderson & Hollingworth, 1999b; Hollingworth & Henderson, in press ), cannot easily be accommodated by localist-minimalist theories, but can be naturally explained by visual memory theory. 
